Purpose: To evaluate the feasibility and efficacy of small-incision femtosecond laser-assisted intracorneal concave lenticule implantation (SFII) and penetrating keratoplasty (PKP) in patients with progressive keratoconus.
K
eratoconus is a proinflammatory corneal disease that is characterized by progressive corneal ectasia and steepening resulting from central corneal thinning. 1 It has an incidence of 0.05%, with an age range of 9 to 28 years. [2] [3] [4] At present, the main operative corrections for keratoconus are corneal collagen cross-linking (CXL) therapy and corneal transplantation. Collagen cross-linking therapy 5 increases the biomechanical stability of the cornea. [6] [7] [8] However, halting progression resulting from corneal collagen cross-linking may only be transient. 9 Penetrating keratoplasty (PKP) is usually the preferred treatment to improve visual acuity. [10] [11] [12] Nevertheless, the graft survival rate reduces with time postoperatively from 98% to 86% between 1 and 20 years postoperatively, respectively. 13, 14 Corneal intrastromal implantation was first described by Barraquer. 15 This inlay model does not affect the integrity of the corneal epithelium or endothelium. However, clinical application of this model is limited because of its invasiveness during creation of the intrastromal pocket and poor inlay materials. 15 In a previous study, 16, 17 we have shown that there was no implant rejection after autotransplantation or xenotransplantation using a small-incision femtosecond laserassisted corneal intrastromal implantation procedure in all rhesus monkeys during a 26-month study period. We also found that the modified concave inlay lamellae changed corneal refractive power. 18 In studies by Liu et al 19 and Liu et al, 20 allogeneic lenticules were used to change the refractive power in the animal models. Pradhan et al 21 and Ganesh et al 22 also found that the meniscus allogeneic lenticule from small incision lenticule extraction (SMILE) could reshape the cornea with the necessary precision to correct hyperopia in the recipient. However, the concave lenticule might have more usage in keratectatic diseases, and the use of this inlay allograft corneal implantation model, assisted by the femtosecond laser, has not been explored in patients with progressive keratoconus.
In the present study, we developed a small-incision femtosecond laser-assisted intracorneal concave lenticule implantation (SFII) procedure to implant the allogeneic corneal lamella in human patients with progressive keratoconus. The feasibility and safety of the allogeneic grafts implanted using SFII and conventional PKP were compared.
MATERIALS AND METHODS

Patients and Study Design
This is a retrospective study design. This interventional case series study was approved by the Ethics Committee of the Hainan Eye Hospital of Zhongshan Ophthalmic Center (Sun Yat-sen University, China). All research followed the tenets of the Declaration of Helsinki. Written informed consent was obtained from all patients after explanation of the nature of the study and potential risks. All patients were diagnosed with keratoconus based on results from slit-lamp microscopy, corneal topography, corneal visualization Scheimpflug technology (CST), and anterior segment optical coherence tomography (AS-OCT). A total of 31 consecutive patients (31 eyes) were enrolled in the study. Inclusion criteria were clinical evidence of progressive keratoconus, 23 stage II to III keratoconus based on the Amsler-Krumeich classification system 24 intolerance to any type of contact lens, transparent cornea, and normal endothelial cell density for age range. Exclusion criteria were active anterior segment pathologic features, previous corneal or anterior segment surgery, and pregnancy or lactation.
Twenty patients underwent PKP between June 2014 and March 2016 (ethics acceptance number: 2014-008). After obtaining approval from the Ethics Committee (ethics acceptance number: 2016-007), 11 patients underwent SFII between April 2016 and November 2017. Table 1 summarizes the baseline patient data.
Surgical Technique
All donor tissues were collected from the Hainan Eye Hospital eye bank in accordance with local guidelines (Hainan Entry-Exit Inspection and Quarantine Bureau of the People's Republic of China).
SFII
The donor cornea was placed into an artificial anterior chamber (AC). A lamellar incision was made using the treatment mode of femtosecond laser-assisted LK (VisuMax; Carl Zeiss Meditec, Jena, Germany); we used the surgical parameters described in our previous research. 16 The surgical parameters were as follows: the diameter of the incision was 7.5 mm, and the incision was located at a depth of 320 mm. The next step was myopic correction of 24.00 diopters (69.59 mm thickness) under PRK (Photorefractive Keratectomy type; WaveLight GmbH, Erlangen, Germany). The lenticule was separated from the stromal bed and used as the graft. The anterior-posterior orientation of the inlay was maintained during implantation (320-69.59 = 250.41 mm thickness) (see Supplemental Figure 1 , Supplemental Digital Content 1, http://links.lww.com/ICO/A744).
Topical anesthesia consisted of proparacaine hydrochloride eye drops (Alcaine; Alcon Laboratories, Fort Worth, TX). A myopic correction of 20.75 diopters (28 mm thickness) using a femtosecond laser system under SMILE treatment was performed on the recipient cornea. We used the femtosecond laser parameters described in our previous research. 16 The surgical parameters were as follows: 160 mm cap thickness, 7.8 mm cap diameter, and 7.8 mm lamellar cornea diameter. The surgeon spread the lenticule out, producing a space that resembles a "stromal pocket" inside the corneal stroma. The Keratoconus progression was determined based on the change in either myopia or astigmatism greater than 1.00 diopters in the previous 6 months or an increase in maximum keratometry of at least 1.00diopters in 1 year, or a mean central corneal thickness decrease of at least 5% in 3 consecutive tomographies performed in the previous 3 months. 23 graft was implanted into the "stromal pocket" (depth of implantation: 160-mm) (see Video 1, Supplemental Digital Content 3, http://links.lww.com/ICO/A746). Postoperatively, tobramycin and dexamethasone eye drops (Alcon Laboratories, Fort Worth, TX) were administered 4 times per day for 1 month.
PKP
PKP was performed under general anesthesia with the anesthetist's assistance. The center of the host cornea was marked and then completely excised using a Barron vacuum trephine (Katena Products, Denville, NJ). The donor corneas were cut using a punch trephine on a Troutman guide (Medtronic Solan, Jacksonville, FL). All grafts had diameters between 7.0 and 8.0 mm. All grafts were closed with a continuous 24-bite running 10-0 nylon suture.
Postoperatively, patients received tobramycin and dexamethasone eye drops (Alcon Laboratories, Fort Worth, TX) 4 times per day for 3 months and recombinant bovine basic fibroblast growth factor (Fusion Protein, Bausch and Lomb, Rochester, NY) eye gel 3 times per day for 6 months. All eyes in the PKP group were treated with mannitol 1 time postoperatively.
Clinical Examination
Ophthalmic examinations were performed preoperatively and at 1 week, 1 month, 3 months, 6 months, 12 months, and 24 months postoperatively. In the PKP group, the corneal sutures were removed at 12 months postoperatively.
The clinical assessment included preoperative assessment, postoperative ocular response, visual acuity, intraocular pressure (IOP), corneal topography, and corneal strength. The ocular response was assessed by slit-lamp microscopy (Nikon, Tokyo, Japan), ciliary redness (Oculus Keratograph 5M; Oculus Optikgeräte GmbH, Wetzlar, Germany), AS-OCT (DRI Triton OCT; Topcon Corporation, Tokyo, Japan), and in vivo confocal microscopy (HRT Ⅲ; Heidelberg Engineering GmbH, Heidelberg, Germany). This included eyelid spasm, ciliary flush, corneal clarity and neovascularization, anterior segment imaging, and keratocyte responses. Corneal topography and AC evaluation were recorded using the Pentacam HR Scheimpflug camera (Oculus Optikgeräte GmbH, Wetzler, Germany). Central corneal thickness was measured using AS-OCT. Corneal strength was evaluated by CST (Oculus Optikgeräte GmbH, Wetzler, Germany).
Statistical Analysis
Visual acuity was measured using Snellen charts. For statistical analysis purposes, Snellen visual acuity was converted to the corresponding logarithm of the minimum angle of resolution value using standard conversion tables. Other outcome measures included IOP, ciliary flush grade, keratometry, AC depth, AC volume, corneal posterior maximal elevation, data from CST, and corneal thickness. Statistical analysis was conducted using SPSS 16.0 statistical software (SPSS Inc, Chicago, IL). All measurements are expressed as mean 6 SD. All the data above were assessed using one-way analysis of variance. For pairwise comparisons within the group, we used either the least significance difference test or Tamhane T2. P , 0.05 was considered statistically significant.
RESULTS
Complications/Adverse Events
In the PKP group, 1 eye had elevated IOP and graft rejection at 3 months after surgery. This eye had to be removed from this trial.
Visual Acuity and Intraocular Pressure
As shown in Figure 1 , in the SFII group, both uncorrected distance visual acuity (UDVA) and corrected distance visual acuity (CDVA) improved at 3 months postoperatively (P UDVA = 0.004, P CDVA = 0.016) and remained stable thereafter. UDVA did not improve in the PKP group throughout the 24-month period after surgery (P 24m = 0.137), and CDVA improved 1 week after surgery (P 1w = 0.001) and remained stable thereafter. IOP increased in the 1-month follow-up period in the PKP group (P PKP = 0.001), and it declined to the preoperative level at 3 months postoperatively (P PKP-3m = 0.748). In the SFII group, IOP maintained a steady level during the 1-month postoperative period (P SFCII-1m = 0.594) (see Supplemental Figure 2 , Supplemental Digital Content 2, http://links.lww.com/ICO/A745). Figure 2 summarizes the findings on slit-lamp microscopy in both groups. In the SFII group, with regard to all implants, there were no infections or tissue degradation detected during the long-term study period. No increased ciliary redness or corneal neovascularization was observed. Graft edema greatly subsided after 1 month, and the implant boundary was smooth and visible (Fig. 2) . In the PKP group, obvious ciliary redness was observed for 1 week after surgery. Fresh epithelialization occurred at 1 month postoperatively, and the margin of the graft still exhibited evident edema ( Fig. 2; Pentacam HR Scheimpflug Camera Scanning Table 2, Table 3 , and Figure 3 summarize the corneal topographic changes. Corneal curvature maps (Fig. 3) demonstrate that changes in the corneal surface were different in the two treatment groups. In both groups, the anterior K1 and K2, AC volume, and AC depth were significantly decreased after surgery. However, the corneal posterior K1 and K2 in the SFII group also decreased after surgery, whereas the values in the PKP group had increased at 24 months postoperatively.
Slit-Lamp Microscopy and Ciliary Redness Assessment
CST
Corneal biomechanics measured after surgery were different from those measured preoperatively, with changes in the SFII group much more obvious than those in the PKP group. The DA1L, DA1V, DA1T, andDHC time in the SFII group were greater than those in the PKP group. In addition, the DA2L, DA2V, DA2T, DMDA, DPD, and DHC radius in the SFII group were lower than those in the PKP group (Table 4) .
Corneal Imaging with AS-OCT
In the PKP group, the graft exhibited obvious evidence of edema on AS-OCT at 1 week postoperatively. AS-OCT in the SFII group revealed a clearly visible graft in the corneal stroma. The graft was concave, with its shape thinning centrally and thickening laterally (Fig. 4) . In the SFII group, central corneal thickness was greatly increased compared with the preoperative findings. The change in thickness (DThickness) is defined as the comparison between the postoperative and preoperative corneal thicknesses. Postoperatively, the DThickness in the SFII group did not change until 24 months postoperatively (P 1m = 0.901, P 3m = 0.811, P 6m = 0.785, P 12m = 0.426, and P 24m = 0.450). In the PKP group, the DThickness had decreased at 3 months after surgery (P 1w = 0.004, P 1m = 0.001) (see Supplemental Figure 2 , Supplemental Digital Content 2, http://links.lww.com/ICO/A745). 
FIGURE 2.
Representative appearance of the eye on slit-lamp microscopy in both groups. A, The surrounding area of the host corneal tissue maintained its transparency in all recipient eyes. At 1 week after surgery, there was pronounced stromal edema around the implant. Graft edema greatly subsided after 1 month, and the implant boundary was smooth and visible. B, By 24 months after surgery, total integration of the implant and the host stroma was evident in all recipients undergoing the SFII procedure, and there was no visible tissue boundary. C, Graft edema and ciliary redness at 1 week postoperatively. The epithelium regenerated within 1 month, but the margin of the graft still exhibited edema. At 24 months postoperatively, graft edema subsided with a smooth graft-host junction.
In Vivo Confocal Microscopy
In the SFII group, at 1 month postoperatively, confocal microscopy revealed dendritic cells in the subepithelial region (Fig. 5A ). Dendritic and inflammatory cells could be observed at the interface between the graft and the host cornea, and there was an acellular structure with some hyperreflective and polymorphic spots arranged randomly. No dendritic or inflammatory cells were observed 3 months after surgery. The endothelial cells showed no particular change in shape and density during the follow-up period. In the PKP group, numerous dendritic cells and inflammatory cells were dispersed in the basal epithelium and stroma within 3 months after surgery. The endothelial cells had a lower-than-normal endothelial cell density and a higher coefficient of variation (Fig. 5B) .
DISCUSSION
In both groups, corneal curvature remained stable, and both CDVA and UDVA improved until 24 months after surgery. Our findings suggest that these 2 surgical procedures can offer long-term stabilization and improve visual outcomes in those with progressive keratoconus. In the SFII group, the inlay graft was well tolerated, and the outcomes in this group indicate that the SFII procedure is efficient and minimally invasive. The implants in the SFII group were centered in the stromal pocket, which not only changed corneal curvature but also improved corneal strength. The findings of this study suggest that SFII could be a safe and efficient surgical approach, and it might halt progression of keratoconus in further studies.
Compared with PKP, the SFII procedure is minimally invasive. A major advantage of the SFII procedure is that it requires no sutures or blades, which greatly reduces the surgical time. 25 Known as the "all-in-one" femtosecond laser technique, this technique allows for molding of implants, a minimal incision of 3.0 mm, and a consistent depth and thickness on every occasion. 26 Therefore, this procedure does not involve any intraocular manipulations, and all surgical manipulations can be confined to a pocket within the recipient cornea. After surgery, the implanted grafts were stable with no dislodgement, as confirmed by AS-OCT. Monitoring dendritic cell changes after transplantation could provide information on graft inflammation and a graft-versus-host disease outcome. 27 There were a large number of dendritic and inflammatory cells in the eyes undergoing PKP, and it took more time for these to settle. The postoperative inflammatory reaction in the PKP group may have also had a greater influence on IOP postoperatively. In each case from the SFII group, the tear film was normal, and the epithelium and endothelium were intact and healthy. In addition, the dendritic cells remained present for a short period after implantation. In addition, the endothelial cells were found to have undergone no obvious change in the SFII group. Corneal endothelium function recovered earlier than that of the PKP group. This could be the other reason why graft edema resolved faster in the SFII group compared with the PKP group. This indicates that the SFII procedure has a negligible impact on the anterior segment. In addition, this minimally invasive surgical approach could provide a precise intrastromal match between the donor inlay and the recipient. Corneal curvature completely changed after transplantation in both groups (Fig. 3) . In the PKP group, these changes were influenced by the suture and donor cornea. In the SFII group, the implanted graft was concave, as confirmed by AS-OCT (Fig. 4) . As showed in Figure 3 , anterior mid-peripheral corneal curvature changed more than did anterior central corneal curvature. According to the change in corneal remodeling, we confirmed that the reshaped cornea was relatively thinner centrally and thicker peripherally. Because of greater regularization of the cornea in the SFII group, vision improved more than in the PKP group. This additive implantation procedure not only increased recipient corneal thickness (250.4-28 = 222.4 mm) but also increased the strength of the host cornea, as shown by CST. This increase in strength and remodeling CST provided corneal biomechanical parameters, including time, velocity, length, and deformation amplitude at first applanation (A1T, A1V, A1L, and A1DA, respectively) and second applanation (A2T, A2V, A2L, and A2DA, respectively).
DA is the resultant maximum inward movement of the corneal apex. PD is the distance of 2 movements' peak. HC is the resultant maximum inward movement concavity. DA, maximum deformation amplitude. PD, peak distance; HC time, highest concavity time; HC radius, radius of highest curvature; D, changes between the postoperative and preoperative values."
Bold entries indicate P , 0.05.
FIGURE 4.
Representative images of corneal AS-OCT. The preoperative images showed that corneal thickness was thin. One week postoperatively, corneal thickness appeared thicker in both groups. At 1 month postoperatively, AS-OCT revealed that central corneal thickness was reduced, and the borders of the lenticule were visible. At 24 months postoperatively, the corneal shape remained stable.
FIGURE 5.
Preoperative and postoperative images of corneal confocal microscopy using the HRT III microscope (magnification, 400 · 400 mm). A, In the SFII group, some dendritic cells were found in the subepithelial region and stromal layer at 1 month postoperatively. They disappeared 3 months after surgery. Endothelial cells showed no particular change in shape or density during the study period. B, In the PKP group, many dendritic cells and inflammatory cells were dispersed in the basal epithelium and stroma within 3 months after surgery.
of the host cornea might be more stable and controllable, and it may halt progression of keratoconus in further studies. Compared with the surgical method performed by Mastropasqua et al, 28 who adopted the positive meniscus lenticules from the SMILE procedure to be the allografts and evaluated patients who had stable corneal ectasia, we used concave lenticules in the treatment of progressive keratoconus. Furthermore, Hashemi et al 29 found that the corneal shape had a prolate shift, which was a similar finding of the present study. Nevertheless, it should be noted that this ring did not affect corneal thickness and that eyes with severe corneal thinning and steepening may not be eligible for the procedure. 30 Bowman layer transplantation has also been shown to be beneficial in reducing ectasia in advanced keratoconus because it is a minimally invasive procedure with few postoperative complications. 31 The procedure of the Bowman layer graft needs higher technology requirement and time consuming. 32 The present study has its limitations and several potential applications. Because other refractive parameters are less likely to be affected by surgery, the change in corneal refractive power in the SFII group was not only decided by the refractive power of the graft inlayed, but it was also dependent on anterior and posterior deformation of corneal curvature. Further study is needed to evaluate the final corrections of the refractive powers of the inlay. This inlay procedure is an additive surgery, and it still might not improve vision in patients with an obvious corneal scar in some corneal ectatic disorders.
CONCLUSION
Using SFII, we found that the eyes maintained a stable corneal volume, and vision improved during the long-term follow-up period. The SFII procedure may provide a new treatment option for keratoconus in the future. Moreover, this technique may also provide new hope for the treatment of other corneal diseases.
